INTRODUCTION
Infauna ventilate their burrow structures to sustain their respiration and feeding (Boudreau & Marinelli 1994 , Kristensen et al. 2012 . This activity alters the physical and chemical properties of surface sediments and transforms the 1-dimensional, vertically layered distribution of biogeochemical processes into a 3-dimensional system (Kristensen 2000 , Aller 2014 ). Bioirrigation supplies microbial communities with organic substrates and oxidants while removing their metabolites; thus, bioirrigation enhances benthic nutrient fluxes and the mineralization rate of organic matter (Aller 1982 , Aller & Yingst 1998 ABSTRACT: It is well established that benthic infauna alter sediment biogeochemistry, but the importance of their behavioural patterns in biogeochemical processes has only recently been fully appreciated. Using arrays of O 2 microoptodes, siphon imaging, accelerometer loggers and different incubation approaches, we investigated the importance of behavioural patterns of the soft-shell clam Mya arenaria for benthic O 2 and nitrogen dynamics. The investigations resolved a new behavioural component of buried M. arenaria: pedal water ejection (PWE). During PWE, the clams contracted their valves while briefly closing the siphon to expel oxic water previously accumulated within the mantle cavity through the pedal gape. Consequently, an upward-moving oxic plume embedded most of the shell, and oxia at the shell−sediment interface was observed for 15% of the total time of investigation. The buried clams displayed 2 additional behavioural stages: resting (R) and ventilation (V) that occurred for 57 and 28% of the time, respectively. During the V and PWE stages, the siphon of the clam was elongated above the sediment surface and surrounded by a dynamic oxic halo; both behavioural stages thus markedly increase the sediment oxygenation. The resolved irrigation patterns enhanced the benthic exchange of O 2 and NH 4 + as well as the benthic denitrification rate, presumably via increased benthic NO 3 − supply and production. Particularly, the extensive sediment irrigation induced by the PWE stage has important implications for benthic nutrient cycling as well as for sediment oxidation and biogeochemical function of coastal sediments.
KEY WORDS: Fauna behaviour · Bioirrigation · Mya arenaria · Oxygen · Nitrogen · Denitrification · Biogeochemistry OPEN PEN ACCESS CCESS oxic-anoxic fluctuations in the sediment (Wenzhöfer & Glud 2004 ). This alternation increases the internal nutrient dynamics and sustains coupled metabolic pathways such as am moni fication, nitrification and denitrification (Aller 1994 , Gilbert et al. 2016 . The frequency and duration of the oxic-anoxic fluctuations can select for specific microbial populations (Aller 1994) , and burrow structures often host unique microbial communities featuring versatile metabolic capabilities (Kristensen & Kostka 2005 , Bertics & Ziebis 2009 , Engel et al. 2012 . For example, bioirrigation typically promotes the growth of facultative aerobes like denitrifiers while impeding the development of strictly anaerobic communities (Kristensen & Blackburn 1987 , Heilskov & Holmer 2001 , Bertics & Ziebis 2010 . This is important as denitrification removes bioavailable nitrogen and can thus regulate primary production in nutrientlimited systems and alleviate eutrophication (Seitzinger et al. 2006) .
The soft-shell clam Mya arenaria L. lives permanently buried in the sediment and is abundant in many temperate coastal areas, including the Baltic Sea (Brey 1991 , Strasser 1998 , where adult populations reach densities of 100 to 450 ind. m −2 (Kube 1996 , Forster & Zettler 2004 . M. arenaria filters organic particles by extending the fused inhalant and exhalant siphons a few millimetres above the sediment surface (Henriksen et al. 1983 ). The burying depth of M. arenaria thus depends on the siphon length, which gradually increases with age. Adult specimens having shell length > 5 cm are typically positioned at 20 cm sediment depth (Zwarts & Wanink 1989) . The ventilation activity functions as a closed system (Hansen et al. 1996) , with water pumped in and out the siphon without direct contact with the surrounding sediment. Accordingly, the oxidized sediment layer around the soft-shell clam has previously been attributed to either O 2 diffusion through the siphon wall or to passive water advection linked to siphon retraction (Pelegrí & Blackburn 1995 , Hansen et al. 1996 . Previous investigations have also shown that disturbed soft-shell clams can burrow themselves by expelling pressurised water jets through the pedal gape to remove the underlying sediment while gripping the substrate with the foot (Checa & Cadée 1997) . However, this behaviour has been attributed to specimens burrowing on the sediment surface only and has not been reported for buried clams.
This study adds to the current knowledge about the micro environment around M. arenaria by using (1) arrays of O 2 microoptodes either fixed on the shell or positioned in the sediment adjacent to clams, (2) imaging of the siphon aperture area and (3) accelerometer loggers mounted on the shell to resolve complex and dynamic bioirrigation patterns. This study includes the first documentation of water ejection from the pedal gape of buried clams. The biogeochemical implications of this previously undescribed behaviour are investigated by different incubation approaches, and the importance for coastal biogeochemical function is discussed.
MATERIALS AND METHODS

Sampling site
Sediment cores and adult specimens of Mya arenaria were collected on 4 occasions between March and October 2016 (Table 1) in a shallow inlet at Pughavn (Funen, Denmark). The sampling area had an average water depth of 0.5 m and a tidal amplitude of 0.3 m (Vedel et al. 1994) . Over the sampling period, mid-water temperature and salinity ranged between 3 and 28°C and between 17 and 28, respectively. The sediment type changed from sandy gravel to sandy mud towards the centre of the inlet, where sampling occurred. The sediment permeability, porosity and organic content were quantified from 3 cores collected in April 2016 (inner diameter [i.d.] × height: 5.2 × 20 cm). The sediment permeability was determined by the constant head approach (Klute & Dirksen 1986 ) and amounted to 2.5 × 10 −12 ± 0.3 × 10 −12 m 2 (mean ± SD, hereafter omitted). Subsequently, the sediment cores were sliced in 1−2 cm layers, and porosity profiles were derived from the measured density and the water content, as determined from the weight loss after drying at 105°C for 12 h. The organic content was measured as loss on ignition after combustion of the dried sediment for 24 h at 520°C. The surface sediment had a porosity of 0.60 ± 0.08 that gradually declined to 0.38 ± 0.08 at 10 cm depth. Similarly, the organic content at the surface declined from 1.5 ± 0.3% to 0.8 ± 0.1% of dry weight at 10 cm depth.
Fauna and sediment sampling
Adult specimens of M. arenaria (shell length 56−75 mm) were collected using a Kajak corer and immediately transferred into a bucket filled with site seawater. The in situ burial depth (distance from sediment surface to lower shell edge) varied between 15 and 20 cm. The animals were entirely surrounded by an irregular but distinct 3−5 mm, light-coloured, oxidized sediment layer. Sediment was sampled with large (i.d. × height: 9.5 × 30 cm) and small (i.d. × height: 5.2 × 20 cm) cylindrical polymethyl metacrylate core liners. Animals and sediment cores were transported to the University of Southern Denmark (Odense) within a few hours and stored in separate aquariums each filled with aerated in situ seawater. Animals were kept in storage for at least 1 wk at a water temperature of 15°C and a salinity of 17 to 28 (depending on sampling day). Experiments were conducted at storage conditions using 2 different setups: (1) core liners inserted in a mini-flume aquarium (length × width × height: 52 × 13 × 19 cm) with a recirculating water volume of ~50 l to monitor the O 2 dynamics around the clam; and (2) core liners submerged in an aquarium with a ~150 l recirculating water volume for measurement of benthic O 2 and nutrient fluxes and denitrification rate. In total, 7 specimens and large sediment cores were used in the mini-flume experiments, while 8 specimens and 12 sediment cores (8 large, 4 small) were used for core incubations. Except for 1 targeted experiment confirming that the activity patterns of the soft-shell clam did not respond to light (data not shown), all investigations were carried out in darkness. Twice per week, animals were fed with aliquots from a culture of Rhodomonas sp. to avoid inhibition of ventilation activity by food limitation (i.e. <1000 cell ml −1 ; Riisgård et al. 2003) . Additionally, 50% of the ambient water volume of both set-ups was replaced weekly with in situ seawater to maintain NH 4 + and NO 3 − concentrations between 4 and 9 and between 28 and 47 µmol l −1 , respectively. At the end of each experiment, the soft tissue of the investigated specimens was separated from the shell by immersion in boiling water (~15 s), and the dry weight was measured after drying at 60°C for 3 d (Zwarts 1991) .
Mini-flume experiments
Large core liners were inserted at the bottom of a small flow-through channel, and the sediment surface was aligned with the aquarium base (Fig. 1) ) at 1 Hz and 8-bit resolution and thus resolved the behavioural dynamics and body postures of buried individuals. Accelerometers were heatsealed in polyethylene tubes and attached to the left valve using a small piece of Velcro ® (<1.5 cm 2 ) to determine the soft-shell clam body orientation in space and movements (Coquereau et al. 2016) .
The O 2 distribution around the siphon was investigated with microoptodes inserted in a glass Pasteur pipette (tip i.d. 1 mm; Sigma-Aldrich) and positioned in the sediment with a motorized micromanipulator (0.1 µm resolution, MU-1; PyroScience) controlled by the microprofiling software Profix (PyroScience). The sensors entered the sediment at 90° or with an angle between 45° and 70° to position the sensor tip at the desired sediment depth and distance from the siphon. This position was not changed until the end of the measurement, where the microoptodes were gradually moved forward until touching the siphon, in order to independently determine the distance between the recording position and the siphon. The benthic O 2 and nutrient fluxes, as well as denitrification activities, were quantified by different incubation approaches in sediment cores with and without clams. All these cores (8 large and 4 small) were collected in October 2016 and stored uncapped and submerged in thẽ 150 l aquarium. The day after collection, triplicate O 2 sediment profiles were measured as described previously in 3 randomly selected cores equipped with stirring bars (60 RPM). The O 2 penetration depth (OPD) in these undisturbed sediment cores amounted to 2.6 ± 0.3 mm. Subsequently, all 12 cores were sealed to induce anoxia and force macrofauna out of the sediment (Andersen & Kristensen 1988) . After 1 wk, dead or dying macrofauna were removed, and the defaunated cores were re-equipped with stirring bars (60 RPM) and kept open in the aerated aquarium. After 2 wk, when the OPD returned to stable values of 2.8 ± 0.4 mm, all cores were incubated on 6 different occasions to monitor the total O 2 uptake (TOU) (see Section 2.4.2). The TOU remained at a stable value of 25.5 ± 4.6 mmol O 2 m −2 d −1 , and conditions were considered restored from the anoxic mani pulation. At this point (i.e. 29 d after the anoxic period), 1 soft-shell clam was added to each of the large cores, which corresponded to an animal density of 141 ind. m −2 , a population size naturally occurring in many coastal habitats (Mermillod-Blondin et al. 2003 , Forster & Zettler 2004 . The acclimated animals buried themselves, and incubation experiments commenced 1 wk after their addition. Four of these animals had each a microoptode fixed in proximity of the pedal gape ('P' in Fig. 1b ) to continuously monitor the O 2 availability at this position. During the incubations, the siphon activity of all clams was regularly monitored by visual observations. The small cores served as defaunated controls. Here, all benthic fluxes (see Section 2.4.2) remained constant throughout the experimental time, thus confirming quasi steadystate conditions after the initial exposure to anoxia and re-oxygenation. 
Benthic fluxes measurements
The TOU and benthic nutrients exchange (NH 4 + , NO 2 − and NO 3 ) were measured by parallel incubation of cores on consecutive days for 3 wk; subsequently, the denitrification rate was determined with a final destructive incubation. The O 2 concentration in the enclosed water volume was monitored with 2-point calibrated contactless sensor spots fixed on the inner wall of the lids (OXSP5, PyroScience). During each incubation, the O 2 was measured in discrete intervals until values had decreased from the initial 100% to 70−75% air-saturation. This generally took between 0.8 and 4.1 h depending on the animal activity patterns. TOU rates were calculated from the linear changes of the O 2 concentration over time accounting for the enclosed water volume and sediment area.
Benthic nutrient fluxes were measured separately in 12 h long incubations, during which the water level in the aquarium was temporarily lowered below the upper core rims. Sediment cores were capped but continuously aerated with needles connected to an air pump and inserted in one of the sampling ports in the lid covering each core (Fig. 1b) . The gentle aeration (> 6 cm above the sediment surface) had no apparent impact on the clam behaviour and allowed us to maintain fully oxic conditions during these incubations. Samples (5 ml) of enclosed water were collected 1 to 4 times per hour, depending on the clam activity. Samples were filtered through 0. ) was determined with a modified Berthelot reaction (Krom 1980) ; oxidised nitrogen (NO X : NO 2 − + NO 3 − ) and NO 2 − were measured following the cadmium and sulphanilamide reduction methods, respectively (Grasshoff et al. 1999 ). The NO 3 − concentration (precision: ± 0.5 µmol l −1 ) was calculated as the difference between NO X and NO 2 − . The benthic fluxes were calculated from the linear changes in concentrations over time accounting for the gradual reduction of the water volume (see Section 2.5).
Sediment denitrification measurements
Denitrification rate was determined in a final incubation with the nitrogen isotope pairing technique adapted from Nielsen (1992) . In short, the submerged cores were sealed without entrapping bubbles, and . During the incubations, the internal O 2 concentration was monitored as previously described, and when required, the O 2 level was restored to near air-saturation by replacing 8% of the water volume with O 2 -saturated water amended with 15 NO 3 − . This procedure allowed to incubate sediment cores for 6 h while avoiding oxic conditions below 70% air-saturation but preserving the initial NO 3 − isotopic ratio. Isotopic determination of dinitrogen (N 2 ) gas from the replaced water (see below for storage and analyses) enabled to correct the denitrification rates for the amount of N 2 sampled. At the end of the incubation, denitrification activity was terminated by adding 50% ZnCl 2 solution (12 µl per cm 3 of slurred sediment), and the sediment was gently slurred using a glass rod. The defaunated control cores were slurred to 4 cm sediment depth, while large cores were slurred to the bottom (~20 cm) to include labelled N 2 that had accumulated around the buried animal. Duplicate samples for 29 N 2 and 30 N 2 were taken from each core by a glass syringe and transferred to 12.4 ml exetainers spiked with 50 µl ZnCl 2 (50%). Within 2 wk, dissolved N 2 was extracted in a He headspace and analysed on a Delta V isotope ratio mass spectrometer. Denitrification rates were calculated from the random pairing of 15 N and 14 N in N 2 assuming uniform mixing of labelled and non-labelled NO 3 − in the sediment (Nielsen 1992) . Anaerobic NH 4 + oxidation (anammox) rates have previously been shown to be negligible at the collection site (data not shown). The approach is thoroughly reviewed by Robertson et al. (2019) .
Replication and data analysis
The O 2 availability at the shell-sediment interface in 'P' (Fig. 1) was monitored in 4 specimens sitting in the cores with central stirring and 3 specimens sitting in the mini-flume for a total time over 3000 h ( Table 1 ). All animals buried themselves from the initial flat orientation at the sediment surface; thus, the initial 24 h were influenced by the burrowing activity of the animal and were not included in the analysis. In general, analysis of O 2 data at the shell-sediment interface focused on the duration of the oxic-anoxic periods and timing of their occurrence. The miniflume set-up also enabled to relate the benthic O 2 dynamics with the siphon aperture area obtained from the concurrent time-lapse pictures (~1000 h). The ac-celerometer data were used to calculate the body orientation of the soft-shell clam as roll angle = tan
, where the x, y and z are the sway, surge and heave measured by the data loggers, respectively (Robson & Mansfield 2014 , Coquereau et al. 2016 . As clams contract their valves when ejecting water from the pedal gape (authors' pers. obs.), recorded variations in the relative change of the roll angle were used as a proxy for the contraction amplitude of the valve. Overall, 3 main behavioural stages were discerned: resting (R), ventilation (V) and pedal water ejection (PWE). We calculated the relative occurrence of the behavioural stages by normalizing to the measuring period of each investigation and then averaging the results of the respective investigation. The PWE stage corresponded to periods with O 2 concentration >1 µmol l −1 at 'P' position on the shell, while R corresponded to periods with siphon re tracted into the sediment. The V stage was identified as periods with siphon open at the sediment surface while the shell was embedded in anoxic porewater.
In total, 76 TOU and 40 nutrient flux determinations were conducted on each of the 8 large cores, in parallel with 37 TOU and 22 nutrient incubations on the 4 small control cores (Table 1 ). The NO 2 − fluxes contributed to < 6% of the NO x fluxes and therefore are not presented. The overall TOU and nutrient fluxes for each of the incubations were calculated by linear regression of all concentration data as a function of incubation time, water volume and area. To resolve the effect of each behavioural stage, fluxes were also calculated from 2 consecutive concentration measurements, and the flux during each behavioural stage was derived by averaging all 2-point fluxes obtained for the respective stages. Fluxes for the R and V + PWE stages were obtained for all large cores, while the V and PWE stages were discerned only in the 4 cores where a microoptode was glued to the clam's shell. One-way ANOVA and post hoc Tukey's test (if p < 0.05) were run in SigmaPlot (version 12.5) to test the effect of M. arenaria on benthic fluxes (control, overall, R, V + PWE, V and PWE) and denitrification rates (control and overall). All data met the assumptions of normal distribution (ShapiroWilk's test) and homogeneity of variance (Levene's test). All results are presented as mean ± SD.
RESULTS
Microscale O 2 dynamics around buried Mya arenaria
The investigated specimens buried to a sediment depth of 15 to 20 cm (distance from sediment surface to lower shell edge), and they markedly affected the benthic O 2 availability. The animals induced O 2 dynamics that were highly dependent upon the animal activity, and 3 distinct behavioural stages were observed: resting (R), ventilation (V) and pedal water ejection (PWE). In general, the clam activity alternated between R stages and periods with a visible siphon at the sediment surface (V and PWE stages). The occurrence of V + PWE stages did not follow any distinct pattern, but their durations were typically proportional to that of the previous R period (i.e. long R stages were followed by long V + PWE stages).
During the R stage, the animals retracted the siphon into the sediment, leaving a funnel-shaped depression at the surface, on average 1 cm deep and with a diameter of 3 to 4 cm. All the 14 vertical O 2 profiles measured either outside the funnel area, in undisturbed or defaunated sediment cores, revealed a similar OPD at the sediment surface (i.e. primary interface) of 2.3 ± 0.6 mm. However, the OPD tripled at the funnel periphery, and it further increased to >16 mm towards the centre during R (Fig. 2) , presumably due to passive pressure-driven advection induced by the water flow above the sediment.
The R stage lasted from 0.7 to 24 h, during which the entire animal was embedded in anoxic sediment ). The R stage was interrupted by the ex tension and opening of the siphon a few mm above the sediment surface, in the centre of the funnel. The siphon elongation modified the funnel structure, but the sediment reworking was generally confined to the central area of the funnel, and the sediment depression remained during all the activity stages.
The siphon remained visible and open for > 40% of the total time of investigation, during either the V or PWE behavioural stage. The V stage occurred for 28 ± 18% of the investigated time and lasted from 0.5 to 7 h. The V stage started when the siphon opened above the sediment surface, and after a lag phase of at least 20 min, this induced a gradual oxygenation of the sediment surrounding the siphon at the investigated depths (Fig. 3) . Subsequently, the O 2 distribution typically reached a quasi-steady state within 10 min and now extended ~4 mm from the siphon into the surrounding sediment. This corresponded to a horizontal OPD from the cylindrical siphon (i.e. radial OPD at the secondary interface) that was 70% higher than the 2.3 mm OPD at the primary interface. Overall, there was a temporal correlation between the aperture area of the siphon (i.e. the sum of the inhalant and exhalant canals area) and the O 2 availability in the sediment surrounding the siphon, and typically sudden drops in the siphon area increased the O 2 concentration in the sediment adjacent the siphon (Fig. 3) . Rhythmic changes in the siphon area therefore induced irregular O 2 fluctuations in the sediment surrounding the siphon. When animals shifted from V to R stage, the siphon retraction (area = 0 mm 2 at~90 min) was accompanied by a gradual O 2 decrease, and anoxia was reached 20 to 30 min later (Fig. 3) . The V stage thus induced oxia in the sediment volume surrounding the siphon, while the shell-mounted microoptodes revealed that the actual shell-sediment interface remained anoxic (data not shown).
When the siphon was open at the sediment surface, the V stage alternated with the PWE stage, during which a dynamic oxic halo encompassed the entire clam. The transition from V to PWE was marked by an abrupt contraction of the valves and siphon closure, as well as by an initial increase in O 2 concentration on the shell-sediment interface (Fig. 4) . While the valve contractions resolved by the accelerometers were unique for the PWE stage, variations in siphon area during the PWE and V stages were similar. During PWE, the oxic conditions rapidly changed at the shell-sediment interface, but O 2 was typically recorded first at the pedal gape ('P') and then at positions further up the ventral margin ('M1' and 'M2' in Fig. 5) . Similarly, the O 2 concentration at 'P' position reached a maximum ~20 s after the behavioural shift, whereas this took ~30 s at 'M1' and 'M2' (Fig. 5) , reflecting that oxia transplanted upwards from the pedal gape position. Subsequently, the O 2 concentration at 'P' gradually decreased, and O 2 depleted after 5 ± 2 min unless followed by another water ejection cycle (Figs. 4 & 5) . A single PWE stage was often the result of multiple water ejection cycles that occurred in short succession overlapping into a longer period that lasted be tween 1 and 5 h. Analysis of the oxic-anoxic oscillations at the shell-sediment interface showed that the PWE stage occurred with a frequency of 2.1 ± 0.9 h −1 and overall induced oxia at 'P' position on the shellsediment interface for 15 ± 6% of the total time of investigation. The extent of the O 2 fluctuations within each cycle suggests that the initial advection induced by the animal activity was followed by a diffusive 109 Fig. 3 . Typical O 2 distribution in the sediment surrounding the siphon of Mya arenaria during a ventilation stage (V) lasting 79 min. The V stage commenced when the siphon elongated and opened above the sediment surface (upward arrow, shift from resting [R] to V) and ended when the siphon completely retracted below the sediment surface (downward arrow, shift from V to R). The O 2 concentration at the sediment depth of 3.3 cm was recorded at 30 s intervals with microoptodes positioned at 3 mm from the inhalant canal (white symbols) and ~2 mm from the exhalant canal (orange symbols). The difference in the oxic conditions at the respective positions was attributed to decreasing O 2 concentration with distance from the siphon. Overall oxia lasted for 76 min and were thus similar to the duration of active ventilation through the siphon transport and consumption of O 2 in the surrounding sediment. The upward-moving O 2 spikes initiated at the pedal gape were often synchronised with O 2 fluctuations in the upper sediment surrounding the siphon. For example, the O 2 pulses recorded on the shell transplanted up to the region above the right valve (orange symbols in Fig. 4 ) but differed from those recorded above the left valve (white symbols in Fig. 4 ), suggesting asymmetric porewater advection around the clam. Therefore, the PWE stage induced pulsing oxic conditions around the ventral margin of the shell and the overlying regions adjacent to the siphon due to farreaching advective porewater transport. Despite the asynchronous fluctuations, the sediment adjacent to the siphon exhibited stable oxic conditions during PWE; thus, oxia here amounted to 43 ± 17% of the total time of investigation (Fig. 6 ).
Benthic O 2 exchange in sediment inhabited by Mya arenaria
The TOU rates were measured between 7 and 11 times in each large core inhabited by M. arenaria and in each of the small control cores. The presence of clams increased the overall TOU 3-fold compared to the control cores (F 5, 35 = 19.05, p < 0.001; Table 2 ). However, the dynamic benthic O 2 distribution induced by the behavioural patterns translated into variable TOU during the respective incubations (Fig. 7) .
During the R stage, the TOU remained constant with a value of 30.8 ± 7.7 mmol O 2 m −2 d −1
, which is not different from the TOU measured in the defaunated cores (p > 0.05; Table 2 ), indicating that the passive water advection in the funnel area did not affect the average TOU significantly. However, the TOU was greatly enhanced by the V and PWE stages (Fig. 7) , and periods of combined V and PWE behaviours in creased the TOU to an average rate of 125.4 ± 27.1 mmol
. The TOU rates during the V and PWE stages were highly variable, but appeared to be similar (p > 0.05; Table 2 ). A complete V stage typically ex hibited relatively high rates immediately after the transition from the R stage. For instance, at the onset of the V activity, the TOU could reach peak values > 200 mmol O 2 m −2 d −1 (Fig. 7) , or 2-fold higher than the general TOU rates resolved during the V stage: 108.3 ± 32. , but values fluctuated extensively during these periods from 53.6 to 178.6 mmol O 2 m −2 d −1 without any distinct pattern (Fig. 7) . The TOU rates quantified in cores with M. arenaria were not significantly correlated with the animals' dry weight, shell length or burial depth. Rather, it appeared that the relative duration of the respective behavioural stages was crucial for the overall TOU rate measured for each specimen. Combining the results from the different experimental approaches, we quantified the relative contribution of the different behavioural stages for the overall TOU at the experimental conditions (Fig. 8) . The results show that periods of V and PWE had a disproportionately large influence on the overall TOU relative to their occurrence time. This clearly documents the importance of M. arenaria activity patterns for the benthic O 2 consumption rate and the need for correct representation of faunal behaviour when assessing the TOU in such habitats. Table 2 ), while NH 4 + fluxes were greatly enhanced during the V and PWE stages (p < 0.001; Table 2 ). The onset of the V and the PWE stages induced high release of NH 4 + from the sediment (Fig. 9) , presumably related to the outflushing of NH 4 + accumulated in the sediment surrounding the clam or potentially stored in the mantel cavity. This high initial flux gradually declined to an average efflux of 6.3 ± 1.4 mmol m −2 d −1 during the V and PWE stages. Occasionally, we even observed an influx of NH 4 + following an initial burst of NH 4 + outflux due to an elevated level in the overlying water, for example during R and V stages following PWE (Fig. 9) .
The presence of the clams induced highly variable NO 3 − fluxes without enhancing the long-term net exchange of NO 3 − ( Table 2 ). The NO 3 − fluxes measured during the respective behavioural stages varied greatly, probably due to the frequent behavioural shifts and complex irrigation patterns. However, there was a tendency for lower NO 3 − uptake during R compared to periods of V and PWE. In particular, the intense sediment irrigation during prolonged PWE often induced extensive NO 3 − uptake up to −6.7 mmol m −2 d −1 (Fig. 9) . The PWE stage thus modulated the direct transport of both O 2 and NO 3 − from the overlying water down to 15 to 20 cm sediment depth, concurrent with outflushing of the interstitial NH 4 + . The behavioural patterns of M. arenaria therefore had a strong impact on the benthic availability of O 2 , NH 4 + and NO 3 − , which is expected to affect the denitrification activity in the irrigated sediment. , a value that increased to 0.7 ± 0.1 mmol N m −2 d −1 in cores containing clams (F 1,11 = 47.66, p < 0.001; Table 2 ). During the isotope pairing technique incubations, 7 of the investigated specimens exhibited periods of combined V and PWE stages of variable duration, while 1 never elongated the siphon above the sediment surface. However, the denitrification rates were not directly correlated to the relative occurrence of the V and PWE stages during the 6 h incubations, suggesting a temporal decoupling be tween the resolved irrigation patterns and the elevated benthic denitrification activity.
DISCUSSION
It is well established that infauna activity modulates benthic solute exchange and diagenetic processes in marine sediments, but the importance of their behavioural patterns on biogeochemical processes has only recently been appreciated. In general, shifts in benthic fauna behaviour can be related to changes in light (Wenzhöfer & Glud 2004 , Karlson 2007 , tidal flow (Aller & Yingst 1978) , ambient O 2 concentration (Dales et al. 1970 , Kristensen 1983 , predation pressure (Smee & Weissburg 2006 ) and availability of suspended food (Riisgård et al. 2003 , Glud et al. 2016 . In some species, the optimal timing of activity patterns is tuned by biological clocks, and behavioural shifts exhibit distinct circadian or circatidal cycles (Palmer 2000 , Rosenberg & Lundberg 2004 , Last et al. 2009 ). These shifts affect the environmental conditions of bioturbated sediments and thus the microbial performance and biogeochemical function of surface sediments. To understand how infauna affects sediment biogeochemistry, it is necessary to evaluate the unique bioirrigation patterns on appropriate spatial and temporal scales ). The present study has revealed 3 distinct behavioural stages of the ubiquitous soft-shell clam Mya arenaria and resolved how these affect the benthic O 2 and nitrogen dynamics in coastal sediments. ) and defaunated control cores. In addition to the overall rates, benthic fluxes measured for the respective behavioural stages of M. arenaria are also reported: resting (R), ventilation (V) and pedal water ejection (PWE). Values are reported as mean ± SD; number of cores (n) reported in each row. Asterisks denote values significantly different from the control (1-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001)
Irrigation patterns of M. arenaria and implications for sediment oxygenation
Advection driven by boundary flow and sediment topography grossly enhance solute transport in permeable and semipermeable sediments (Huettel et al. 2003) . Advective porewater transport is, however, also markedly enhanced by the presence of infauna, partly due to bioirrigation and partly due to modification of the sediment topography by formation of mounds and funnels (Huettel & Gust 1992 , Volkenborn et al. 2007 ). This was also exemplified by the present study, where M. arenaria created a permanent oxygenated funnel that extended the OPD in the sediment overlying the clam. Extrapolating our point measurements to the entire 4 cm wide funnel revealed that the oxic sediment volume in the funnel was 5-fold larger than in the neighbouring unaffected areas. Likely, the periodic siphon movements increased the local sediment permeability, which facilitated deeper oxygen penetration above the shell even when the animal was in the resting stage.
In addition to maintaining the funnel, the mechanical movements of the siphon during V activity induced a dynamic oxic halo that embedded the siphon to at least 5 cm depth. As a result, this sediment region was oxidized and differed from the surrounding reduced and constantly anoxic sediment. In situ observations directly confirmed that the oxi- dized sediment layer encompassed the entire siphon length, implying the oxygenation of a sediment volume of 35 to 45 cm 3 for the animals studied here. It is possible that such sediment oxygenation is driven by O 2 diffusion through the ventilating siphon (Pelegrí & Blackburn 1995) ; however, the gas exchange across the siphon of active bivalves has to our knowledge not been independently quantified. We estimated the diffusion-driven radial OPD around a stationary siphon applying the volume-specific O 2 consumption rate of the sediment and the procedure outlined by Fenchel (1996) . Assuming a molecular transport coefficient through the siphon tissue similar to that in water, we derived a maximum radial OPD value of 2.1 mm at a sediment depth of 5 cm, which is roughly half the values actually observed. Additionally, the most prominent behavioural stage displayed by the clams was R, when the siphon was retracted; thus, it is unlikely that O 2 diffusion though the siphon alone could oxidize the sediment surrounding the siphon. It follows that advective processes must have contributed to the sediment oxygenation and oxidation around the siphon. During the V stage, advection of the oxic overlying water into the sediment could be induced by the movements of the siphon. The gradual percolation of the overlying water would thus explain the lag phase observed between the onset of the V stage and oxygenation of the siphon surroundings at 3 to 5 cm depth. Furthermore, the PWE stage induced extensive porewater advection around the entire clam, but with a general upward expansion of the plume.
Disturbed M. arenaria can bury by a hydraulic mechanism that relies on the ejection of water through the pedal gape while using the foot to grip the substrate (Checa & Cadée 1997) . This mechanism is accomplished by increased pressuri zation inside the mantle cavity following closure of the siphon and contraction of the valves (Checa & Cadée 1997) . Although the brief closure of the siphon represents the main behavioural component of in situ clams (Thorin et al. 1998) , to date it has not been documented that buried individuals would eject water through the pedal gape. In previous studies, the bioirrigation of deeper sediment in proximity to the shell has therefore been overlooked and occasional local oxidation attributed to the leaking of water and passive diffusional O 2 loss from the valve gape (Forster & Zettler 2004) . However, even when pumping fully oxic water into the siphon, the O 2 concentration in the mantle cavity water of M. arenaria is maintained below 7 µmol l −1 (Abele et al. 2010) , and during the V stage, the shell is constantly embedded in anoxia. In this study, we documented for the first time that PWE induces oxygenation and oxidation of the sediment encompassing the entire ventral shell margin and that this activity represents an important behavioural component even for buried stationary adult M. arenaria. The display of PWE could benefit the animal by lowering sediment compaction, thereby easing valve and siphon movements. This could also facilitate vertical movements in the sediment, which M. arenaria can exhibit in response to hypoxic events (Rosenberg et al. 1991, 114 Fig. 9. Typical NH 4 + (diamonds) and NO 3 − (squares) dynamics in the enclosed water during two (a,b) 12 h sediment incubations maintained under fully air-saturated conditions. The different colours indicate the independently determined behavioural stage displayed by M. arenaria: resting (R), ventilation (V) and pedal water ejection (PWE). The O 2 concentration (purple circles) was recorded every 30 s at 'P' position on the shell (see Fig. 1 ). Both examples show enhanced solute exchange during the V and PWE stages compared to the R stage Taylor & Eggleston 2000) and predation (Flynn & Smee 2010) . Furthermore, the oxygenation induced by PWE can alleviate exposure to reduced toxic compounds, such as H 2 S and NH 4 + . M. arenaria has a low tolerance to H 2 S intrusion (Le Pennec et al. 1995) , and the periodic oxygenation promoted by the PWE can increase the chemical and microbial oxidation similarly to that observed for other burrowing species (Wang & Chapman 1999 , Behrens et al. 2007 ). Indeed, Hansen et al. (1996) documented lower H 2 S and Fe 2+ concentrations in the oxidized sediment adjacent to M. arenaria. The transport of O 2 into otherwise anoxic sediments can oxidize free H 2 S and regenerate reactive iron oxides, which increases the benthic H 2 S buffer capacity and promotes the adsorption of HPO 4 2− by iron oxides (Anschutz et al. 1998 , Waldbusser et al. 2004 ). The PWE activity could thus modulate important ecosystem functions by increasing the resilience against inherent H 2 S production and reducing internal phosphorus loading. The unrecognized PWE behaviour could have implications for previous conceptual bioirrigation assessments, in which M. arenaria were considered to have little sediment irrigation activity (Wrede et al. 2018) .
The presence of adult specimens of M. arenaria at a density of 141 ind. m −2 resulted in an overall TOU rate of 80.5 ± 23.9 mmol O 2 m −2 d −1
, which was 3-fold higher than the value of the control cores. This confirms that M. arenaria can significantly increase the benthic community O 2 demand (Emerson et al. 1988 , Schade et al. 2019 . The differentiation of the 3 behavioural stages revealed that TOU was enhanced by the occurrence of V and PWE stages. M. arenaria can respond to sudden changes in light by contracting the photosensitive siphon (Light 1930 ). In the mini-flume investigation where a clam was exposed to a 12 h light:12 h dark cycle, the displayed activity patterns did not follow a diel cycle, and the relative occurrence of the different stages was similar to those of the animals kept in the dark (data not shown). Diel cycles in benthic fauna activity patterns can represent an adaptation against visual predators (Rosenberg & Lundberg 2004 , Wenzhöfer & Glud 2004 , but this was apparently not the case for M. arenaria collected at our study site. Clam ventilation activity could be regulated by food availability (Riisgård et al. 2003) , and the relative occurrence of V could thus be higher during phytoplankton blooms in spring. Similarly, it can be speculated that PWE would be stimulated during summer, due to enhanced production and accumulation of H 2 S in the porewater (Al-Raei et al. 2009 ). Such changes in the relative occurrence of V and PWE would thus have consequences for irrigation activity and the benthic community O 2 demand, underpinning the importance of discerning the effect of faunal activity patterns. The difference in TOU between cores with M. arenaria and defaunated cores is ascribed to the combined O 2 consumption in the sediment and respiration of the clam itself. Using the allometric relation found by Schade et al. (2019) , we derived the respiration rate for naturally behaving M. arenaria of the present study. At the experimental temperature and density, the calculated respiration rate of M. arenaria amounted to 10.6 ± 1.3 mmol O 2 m −2 d −1
, corresponding to 14 ± 5% of the overall TOU measured in this study. It follows that the O 2 uptake in the irrigated sediment amounted to 45.4 ± 23.7 mmol O 2 m −2 d −1
(i.e. clam overall TOU minus clam respiration and TOU in control) and exceeded the uptake rate of the control cores by a factor of 1.9, confirming that the sediment adjacent to the clams represents a hotspot for oxidation processes and microbial respiration with potential implications for benthic nitrogen cycling.
M. arenaria influence on benthic nitrogen cycling
Bioirrigation can release reduced solutes accumulated in the sediment, such as NH 4 + , and replenish the porewater with oxidants, such as NO 3 − (e.g. Aller 1994 ). Similar patterns were resolved by our flux determinations obtained for the different behavioural stages of M. arenaria. However, the behav ioural shifts must have induced a highly complex distribution of nutrients in the irrigated sediment, which translated into variable rates for NH 4 + efflux and NO 3 − influx. (Allen & Garret 1971) and was thus considered to have minor influence on the V (and PWE) fluxes.
Concurrently, the V and PWE stages exhibited a tendency to increase the benthic NO 3 − uptake, but fluxes for each behavioural stage were highly variable, and overall, the presence of clams did not significantly affect the net exchange of NO 3 − . The intermittent sediment irrigation of the clam during the incubations has, however, presumably induced highly dynamic distributions of O 2 and NO 3 − , but the direct implications of the behavioural shifts on nitrification, denitrification and their coupling are difficult to resolve. The experimental data indicate an overall stimulation of denitrification in the irrigated sediment, which is supported by in situ NO 3 − uptake values suggesting that M. arenaria increase sediment denitrification (Thoms et al. 2018) . Periodic redox oscillations can enhance denitrification rates (Gilbert et al. 2016) , which is most likely mediated by facultative aerobic bacteria that exhibit a lag when shifting from aerobic respiration to denitrification (Smith & Tiedje 1979) . However, sediment oxygenation also stimulates nitrification, and elevated potential nitrification has been measured in the sediment surrounding M. arenaria, particularly in the proximity of the siphon (Henriksen et al. 1983) . Therefore, the intermittent sediment irrigation during PWE and V can sustain nitrification while temporarily inhibiting denitrification until the O 2 has been consumed. Following a lag period, denitrification will then be ex pected to increase, thus giving a complex temporal relation between the transport-reaction processes and the exchange and distribution of NO 3 − in the porewater. Overall, the denitrification rate corresponded to 63% of the measured NO 3 − uptake in sediments with clams. The denitrification rate attributed to clam presence amounted to 0.4 ± 0.1 mmol N m −2 d −1
. This rate is 3-fold higher than that measured for younger, smaller individuals of M. arenaria at 8-fold higher densities (Pelegrí & Blackburn 1995) . It cannot be excluded this difference was related to the different experimental conditions such as the longer preincubation time used in this study (i.e. period between animal addition to the cores and beginning of the incubations). However, it is possible that adult specimens of M. arenaria, by living in deeper sediment, irrigate larger sediment volumes and thus have a larger impact on benthic nitrogen cycling than younger specimens. This idea is supported by the lower net NH 4 + effluxes induced by young specimens (< 40 mm shell length; 764 ind. m ). Therefore, given the behavioural patterns of adult M. arenaria, the size distribution rather than the density may regulate the extent to which coastal sediments act as a sink for bioavailable nitrogen.
CONCLUSIONS
Traditionally, benthic processes and fluxes in bioirrigated sediments have been derived from chamber or core incubations, with little emphasis on the behavioural component or consideration on how enclosure might affect animal behaviour. However, an increasing number of studies are independently assessing the implications of variable fauna behaviour for solute dynamics. Some of the most successful techniques employed to quantitatively and qualitatively describe the behavioural implications include inert tracers such as bromide and fluorescent dyes (Mermillod-Blondin et al. 2004 , Timmermann et al. 2006 , Jovanovic et al. 2014 , pressure transducers and planar optodes (Zhu et al. 2006 , Glud et al. 2016 . However, direct biogeochemical implications of behavioural patterns and responses remain scarce. In the present study, we identified 3 behavioural stages of Mya arenaria (R, V and PWE) using O 2 optode arrays, accelerometers and siphon imaging. The link between behavioural stages and benthic solute exchange was resolved by parallel incubation approaches. The behavioural shifts changed benthic distribution and exchange of O 2 , NH 4 + and NO 3 − , with the PWE stage inducing bursts in benthic fluxes and much deeper sediment irrigation and oxidation. Although it occurred for 15% of the total time of investigation, the PWE clearly had important implication for the benthic transport and reaction processes. This highlights the importance of behavioural patterns of infauna for the biogeochemical function of marine sediments, such as nutrient regeneration and sediment redox dynamics, and the need for applying innovative approaches to resolve the environmental importance of infauna with complex behavioural patterns.
